Abstract. A sulfur field study (SCATE) at Palmer Station Antarctica (January 18 to February 25) has revealed several major new findings concerning (dimethyl sulfide) DMS oxidation chemistry and the cycling of sulfur within the Antarctic environment. Significant evidence was found supporting the notion that the OH/DMS addition reaction is a major source of dimethyl sulfoxide (DMSO). Methane sulfonic acid (MSA(g)) levels were also found to be consistent with an OH/DMS addition mechanism involving the sequential oxidation of the products DMSO and methane sulfinic acid (MSIA). Evidence supporting the hypothesis that the OH/DMS addition reaction, as well as follow-on reactions involving OH/DMSO, are a major source of SO2 was significant, but not conclusive. No evidence could be found supporting the notion that reactive intermediates (i.e., SO3) other than SO2 were an important source of H2SO 4. Quite clearly, one of the major findings of SCATE was the recognition that a large fraction of the Antarctic oxidative cycle for DMS (near Palmer Station) took place above the boundary layer (BL) in what we have labeled here as the atmospheric buffer layer (BuL). Although still speculative in places, the overall picture emerging from the SCATE field/modeling results is one involving major coupling between chemistry and dynamics in the Antarctic. At Palmer the evidence points to frequent episodes of rapid vertical transport from a very shallow marine BL into the overlying BuL. Due to the combination of a long photochemical lifetime for DMS and the frequency of shallow convective events, a large fraction of ocean released DMS is transported into the BuL while still in its unoxidized state. There, in the presence of elevated OH and low aerosol scavenging, high levels of oxidized sulfur accumulate. Parcels of this BuL air are then episodically entrained back into the BL, thereby providing a controlling influence on BL SO2, DMSO, and DMSO2. Additionally, because SO2 and DMSO are major precursors to H2SO 4 and MSA, BuL chemistry, in conjunction with vertical transport, also act to control BL levels of the latter species. Although many uncertainties remain in our understanding of Antarctic DMS chemistry, the above picture already suggests that previous chemical interpretations of Antarctic field data may need to be altered.
Introduction
Sulfur is recognized as one of the critical elements for which an understanding of its biogeochemical cycle is pivotal to climate change studies [Charlson et al., 1991; Wuebbles, 1995 , and references therein]. Although man-made emissions in the northern hemisphere long ago surpassed those from natural sources, in the southern hemisphere natural sources
Sulfur Chemistry
Field observations and laboratory studies have contributed significantly to our current understanding of atmospheric DMS chemistry. Extensive reviews of this earlier work have been published by Yin et al. [1990] , Turnipseed and Ravishankara [1993] , and Berresheim et al. [1995] . The oxidation mechanisms summarized in these reviews have significant areas of agreement, but they also have areas of disagreement. In Figure 1 we present an abbreviated version of a DMS oxidation mechanism which attempts to summarize where many of the current uncertainties lie. Areas where significant supporting evidence exists, either in the form of laboratory data and/or field observations, include the identification of the reactive intermediates DMSO and MSIA as well as the final oxidation products SO 2, MSA(g), and DMSO 2. Quite noteworthy in the proposed mechanism is that virtually all of the above cited "final" oxidation products are shown as having been formed by more than one reaction pathway. The fact that some of these have not been confirmed, or in other cases quantified, has been indicated in Figure 1 with the symbol "?". Of particular interest to this work will be those pathways involving the species DMSO, DMSO 2, MSA(g), SO 2, and SO 3.
Species not shown in this scheme but frequently shown in other cited mechanisms include methylsulfenic acid (MSEA, CH3SOH ) and several methylsulfur nitrate compounds (MSN) . The absence of MSEA in our mechanism reflects kinetic results recently reported by Zhao et al. [1996] , which showed that the direct production of this species is at the 5 % or less level. Sulfur products of the MSN type have also been neglected because of the very low NO x values observed in Antarctica. As will be discussed in subsequent sections of the text, observed NO levels during SCATE were typically at the detection limit (e.g., 3-4 parts per thousand by volume (pptv)).
As noted in the above text, laboratory chamber type studies have historically provided strong evidence for the DMS oxidation products SO 2 and MSA [e.g., Niki et al. Grosjean, 1984; Yin et al., 1986 Yin et al., , 1990 ]. The relative yields of these products, however, appear to be quite dependent on the exact conditions and type of chamber employed [Berresheim et al., 1995] . As a result, it has not been possible to sort out quantitatively the product yields from the OH initiating addition and abstraction channels.
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More recently, chamber studies have also revealed the presence of still other DMS oxidation products, e.g., DMSO, DMSO2, and MSIA [Sorensen et al., 1996 One of the objectives of this paper will be to examine several of the hypothesized pathways shown in Figure 1 to determine if SCATE observations can qualitatively, and in some cases quantitatively, confirm their importance. Of special interest will be those physical and chemical processes that influence the DMS product ratio MSA(p)/NSS. This ratio potentially contains additional information for interpreting ice core data. It also has been the subject of much discussion in literature because of its potential value as a sulfur source apportionment criterium.
At tropical latitudes this ratio has routinely been measured at values near 0.07 [e.g., Prospero et al., 1985; Saltzman et al., 1983; Savoie et al., 1989 ]. This has led to the suggestion that the OH/DMS abstraction channel, which dominates the initiating kinetics for high-temperature conditions [e.g., Hynes et al., 1993] , is the major source of SO 2 and hence NSS for this environment. Assuming that the final rate controlling expression for DMS product formation always involves the OH initiating reaction, the same kinetic argument would then suggest that the value of the MSA(p)/NSS ratio should increase at higher latitudes due to lower mean temperatures. Under these conditions the addition channel becomes the major channel. Adding to the strength of this argument is the general belief that MSA is predominantly formed through the addition channel even though no laboratory or field study has convincingly demonstrated this point. Gillett et al. [ 1993] also observed that the value of this ratio tended to maximize during the Austral summer, not winter.
Finally, Berresheim et al. [1990] , in an airborne study over the Southern Ocean, reported that this ratio decreased with altitude as the temperature steadily declined. Overall, these results would seem to suggest that the yields of DMS oxidation products cannot be routinely predicted as a function of temperature using simplistic kinetic arguments.
Among the complicating factors in understanding the MSA(p)/NSS ratio is the potential role played by atmospheric vertical mixing. It may well be, for example, that in some cases the final mix of oxidation products from DMS reflects oxidation that has occurred at more than one temperature, reflecting rapid vertical mixing within the troposphere. Equally important is the question of the temperature dependencies of the numerous kinetic processes following the initiating OH/DMS addition and abstraction reactions. For some products elementary reactions several steps removed from the initiating reaction could either define or contribute to the rate determining expression for a given product. Just the possibility that SO 2 might be formed from reactions involving both the addition and abstraction channels creates a very complex picture for interpreting the MSA(p)/NSS ratio. There is also the question of heterogeneous reactions. If important in the formation of MSA(p), as they are known to be in the conversion of SO2 to NSS, still larger uncertainties might exist in the interpretation of MSA(p)/NSS values.
Observational Data
As discussed in the SCATE "Overview" paper The unusual nature of the DMSO and DMSO 2 observations raised several significant questions, the most important concerning the origin of the spike events themselves. For example, from figure 2c it is quite apparent that pollution episodes involving diesel exhausts are not the source of these events. Similarly, from figure 2d it is apparent that whatever the phenomenon responsible, it is unrelated to solar activity. We note also that no relationship was found between the average daily value for DMS and the daily average values for DMSO and DMSO 2. If indeed DMSO and DMSO 2 were formed due to local OH/DMS photochemistry, one would expect that with the short lifetime estimates for these species a modest correlation would prevail.
Given the lack of a causal relationship between chemical factors (e.g., local pollution, DMS levels, and solar activity) and DMSO and DMSO 2 spike events, correlations with several meteorological parameters were examined. Of particular interest were those parameters related to shifts in the wind field and/or in the intensity of vertical transport. The results from this examination indicated that no significant correlation existed between wind speed versus DMSO levels; however, a modest bias was found when the data were examined versus wind direction. as the open ocean sector (II). The fact that, on average, the highest levels might come from this sector makes sense in that it also showed the highest levels of DMS. Even so, one must still reconcile the fact that large spike events were also observed under dark conditions. Considering the short lifetime of DMSO and DMSO 2 (i.e., see discussion in section 4.2) the levels of both species would be expected to be near their minima if they were largely controlled by horizontal advection in conjunction with photochemistry. To explore the possible role of vertical transport, DMSO and DMSO 2 mixing ratios were plotted as a function of dew point (DP) and equivalent potential temperature (0e) as shown in Plates la and lb. For purposes of this discussion we will use the term "buffer layer" (BuL) to describe the region from just above the boundary layer (BL) to free troposphere as has been recently defined and discussed by Russell et al. [1998] . These investigators used this term to describe mixing between two atmospheric layers, both of which are turbulent, where air parcels could be transported Concerning point 3, it is apparent that if local photochemistry were an important source of gas phase MSA and H2SO 4, any increase in their daytime mixing ratios, due to vertical transport, would be partially masked. However, this does not always appear to be the case. As noted above, the MSA(g) profiles, in particular, tend to show several prominent peaks not aligned with the maximum in UV UT. The peak near 1300 hours, not surprisingly, is also found to correlate with significant peaks in UV and in the observed OH profile (i.e., 6d) and thus is clearly photochemically driven. This is not the case, though, for the two prominent satellite peaks at 1000 and 1900 hours. Interestingly, an inspection of MSA(g) levels in Figure 6b also shows prominent peaks at 1000 and 1900 hours. We now believe that the mid-morning peak reflects the abrupt entrainment of BuL air into the BL, i.e., air containing elevated levels of MSA(g). Somewhat more speculative in nature, because of the absence of any direct SO 2 measurements, we surmise that this same air parcel also contained elevated levels of SO 2 (e.g., see detailed discussion in sections 4.3 and 4.5), thus leading to enhanced levels of H2SO 4. By contrast, at approximately 1900 UT both MSA and H2SO 4 are again seen to be increasing, but here there also is observed an abrupt change in surface wind direction.
The initial wind direction indicates that the air parcel sampled was coming off the Palmer glacier, whereas after the shift it was coming from the open ocean sector. This suggests that the episode at 1900 UT most likely involved a different advected air mass, e.g., one from the ocean that was enriched in the DMS oxidation products MSA and SO 2. When near complete diel profiles were available for a sulfur species, first-order k values for gas-to-aerosol loss were estimated by adjusting the value so as to optimize the fit to the observed species profile. (In most of these cases the source term was independently assessed based on field observations of the precursor species, see derailed discussion later in this text.) Alternatively, when gas-to-aerosol sticking coefficients were available, first order loss coefficients were estimated using the Fuchs-Sutugin equation [Fuchs and Sutugin, 1971] is provided in Table 2 . For SO 2 the value in Table 2 In the current sulfur model, coupled sets of time-dependent continuity equations, with parameterized transport terms, are integrated to yield diel concentration profiles of sulfur species. For most runs one or more unknown branching ratios (13s) and/or overall conversion efficiency factors (¾s) appear as adjustable parameters. Addressing these "collective" unknowns was one of the major objectives of the current modeling effort. The approach taken in our simulations was that of sequentially adjusting the initial values assigned to these branching ratios and/or conversion factors until a chi-squared minimization fitting routine showed a high level of consistency between model simulated curves for a sulfur species and the observations. In some cases because more than one parameter was unknown, no one unique answer was possible but rather a family of values was generated. Branching ratios within the addition channel that were explored include the following: (1) partitioning of the OH/DMS adduct into DMSO and DMSO2; (2) partitioning of the OH/DMSO reaction into MSIA, DMSO 2, or SO2; and 
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DMSO and DMSO 2 Studies
As presented in section 3.1, for most of the January DMSO and DMSO 2 sampling period no relationship was found between the mixing ratios for these species and solar activity. In fact, some of the highest values measured for DMSO were those recorded under nighttime conditions. As shown in Figure 2 , however, the data recorded on January 19 was an exception to this trend. DMSO background lev61s for this day show values reaching a low of 0.2 +_0.1 pptv. More importantly, with the exception of one low-level predawn burst centered around 0400 LT, the onset of sunrise is seen giving rise to a systematic increase in DMSO levels which also appear to track fluctuations in the UV irradiance (i.e., starting at 1030 UT). For purposes of the current modeling analysis, we have assumed that the observed DMSO enhancement was, in fact, driven by photochemistry. Tb.u• the goal of these simulations was to determine whether reasonable values could be found for the photochemical DMS/DMSO branching ratio ([32) and for the physical loss rate of DMSO to aerosol (k9). The values of these adjustable parameters were tuned by generating simulated DMSO profiles that were constrained by the DMSO observational data (i.e., chi-squared value minimized). The results are shown in Figure 7a . Model profiles in this case were based on an experimentally derived median value for DMS of 65 Figure 8b shows the results for January 23. In this case no agreement is found for any part of the day and differences between the predicted levels and observed values range from a factor of 5 to 1000 during daylight conditions. This again suggests that on average, the source of DMSO 2 in the BL was predominantly transportrelated rather than of local photochemistry involving DMSO or DMS.
H2SO 4 and SO 2 Studies
As presented earlier in Figure 3a , the day-m-day profiles for H2804(g ) show considerable similarity. This is consistent with a picture involving a photochemical source for H2804(g ) coupled with very fast removal. The removal process has previously been deftned in other studies as consisting of physical uptake of gas-phase H2SO 4 onto preexisting aerosol, or under very special conditions involving very low total aerosol surface area, loss due to heteromolecular nucleation processes. More uncertain is the derailed nature of the H2804(g ) formation process. Adding to this uncertainty in the case of the SCATE study is the fact that the critical species SO 2 was not successfully measured (e.g., see Berresheim and Eisele [this issue]). Current thinking would suggest that at least two pathways exist by which DMS/OH oxidation could give rise to H2804(g ). One of these is a generally accepted mechanism, even though kinetic details are still lacking, involving the splitting off of SO 2 from a DMS/OH generated reactive intermediate. In this scheme the resulting SO 2 product goes on to react with a second OH species to eventually form H2804(g ). The second mechanism is more speculative and involves the splitting off of SO 3 followed by rapid reaction with atmospheric H20.
(The authors note that it is more speculative because no one has yet observed SO 3 formation.) In reality, even the splitting off of SO 2 encompasses some uncertainty because still unresolved is the important question of whether SO 2 is a product of only OH abstraction or both abstraction and addition channels (i.e., see Figure 1 Quite interestingly, the results from runs 3A-C show that using an experimentally estimated median value for DMS of 12 pptv the SO 2 produced from local DMS photochemistry would have been less than 1 pptv (i.e., assuming a 100% product yield of SO2). Recall, the levels of SO 2 required to explain the H2SO4(g ) profile were 33 to 97 pptv. Using the composite H2SO4(g ) profile as shown in Figure 9b Table 4 are the conditions comidered.
Summarized in
Among the more critical of these was the assignment of a value for BuL DMS. In this case, two levels were selected, i.e., 100 and 300 pptv, reflecting field observations that showed values reaching nearly 600 pptv early in the program but with median values being closer m 100 pptv [Berresheim et al., this issue]. The major oxidizing species in the BuL, OH, was also assigned two values: the first representing the diel average value estimated from the Palmer Station surface study, the second being adjusted upwards by a factor of 2. The proposed increase, we believe, is quite reasonable in view of the enhanced UV levels in the BuL and projected higher 03 and NO levels. We estimate that the latter enhancements, leading m higher OH levels, would more than compensate for any reductions in OH resulting from reduced H20 levels in the BuL.
One of the most important dynamical factors for which values had m be assumed was the rate at which surface DMS was tramported into the BuL. In the current simulations we have assumed episodic injections occurring either once or twice during a 14-day period. For the case of two injections the temporal spacing was set at 6 days. Based on Palmer MET station data (e.g., the frequency of passage of frontal systems), this spacing most likely is on the long side. Even so, what is here being assigned some regular periodicity for our modeling rum is almost certainly not periodic. Far more realistic would be to view these air mass exchange episodes as stochastic events which currently cannot be accurately described due to insufficient meteorological data. Such a dynamical setting, however, would suggest that a state of chemical equilibrium is never reached. Iraread, levels of both DMS as well as various oxidation products would continually vary over time. (1) maximum levels of all DMS oxidation products are typically within a factor of 2 of measured BL values; (2) significant enhancements occur in the levels of all oxidation products when a second DMS injection is made 6 days after the first; and (3) with increasing time following an injection, the levels of long-lived oxidation products like DMSO 2 tend to overtake more reactive species like DMSO.
The maximum values attained for each sulfur product over a 14-day time period are shown in Table 4 . These results cover both one and two DMS injection scenarios. Of comiderable interest are the SO 2 results based on a one day lifetime for SO 2 and a DMS injection level of 100 pptv. For these conditiom SO 2 is never found m exceed 16 pptv (i.e., run 51). At first glance, this would suggest that the average lifetime of SO 2 in the BuL is probably closer m 7 days than 1. However, the larger question is whether BuL chemistry, under any sort of reasonable conditiom, could produce/sustain adequate levels of SO 2 such that BL H2SO 4 levels could be explained. For example, given a 7-day lifetime for SO 2 and 100/100 pptv DMS injectiota (run 5F), the maximum level of SO 2 reached is 48 pptv, well within the range required of 30 m 90 pptv. On the other hand, this is a level of SO 2 that is only reached when it is assumed that there is a significant contribution of SO 2 from the OH/DMS addition channel (60 % of total). Without this contribution the level falls to 19 pptv, well below our requirement. If the level of DMS is increased to 300 pptv, the necessary mixing ratio for SO 2 is again satisfied without the addition channel; but it must be noted that such high levels were found to be present in the BL on only 6 out of 41 days of sampling revealing concerning other SCATE observations, e.g., the large BL spikes of DMSO and DMSO 2. Recall, DMSO and DMSO 2 spikes as high as 25 and 16 pptv were observed on some of the sampling days in January. Equally interesting was the observation that although both DMSO and DMSO 2 typically showed enhancements in their respective levels at nearly the same sampling time, the relative magnitudes of these enhancements were usually quite different (e.g., see Figures 2a and 2b) . In some cases the enhancement in DMSO was larger, but in other cases it was greater for DMSO 2. The results shown in Plate 2 and Table 4 indicate that BuL chemistry has the potential for producing large spikes for both species. Plate 2 also provides some insight into why the relative enhancements in DMSO and DMSO 2 might vary from one episodic entrainment event to another. For example, depending on the relative timing of a DMS injection into the BuL versus that of an episodic entrainment event into the BL, the ratio of these two species can switch from greater than one to less than one, reflecting the large difference in the respective photochemical lifetimes of these species.
Summary and Conclusions
As shown in Plate 3, DMS chemistry in the Antarctic as studied from the vantage point of the Palmer Peninsula has provided many new insights about the cycling of sulfur in this unique low temperature environment. By far the most important of these is the strong indication that the concentration levels of oxidized sulfur observed in the marine BL are controlled by a complex sequence of dynamical and chemical processes that encompass at least two different atmospheric regions, the boundary layer and buffer layer. Although many of the chemical and dynamical details concerning these two regions are still lacking, important aspects of these layers can be discussed, albeit somewhat speculatively.
In both layers photochemistry is a source of oxidized sulfur; in both oxidized sulfur is lost due to aerosol scavenging; and in both vertical transport episodically shifts large quantities of sulfur from one layer to the other. In Antarctica, however, major differences exist in the magnitudes of the chemical and dynamical processes for each respective layer. In the BL, due to reduced levels of UV, and hence, OH, DMS has an extended lifetime, reaching as long as 7-9 days. Large BL aerosol loadings, together with dry deposition to the ocean's surface, rapidly remove any oxidized sulfur species. Thus lifetimes are typically short (2 or less hours) for most species (e.g., H2SO 4, DMSO, DMSO 2, and MSA), with SO 2 being a possible exception in having a lifetime of 8 -24 hours. By contrast, long BL lifetimes for DMS, in conjunction with persistent low pressure systems over marine areas surrounding the Palmer peninsula (e.g., Admunsen, Bellingshausen, and Weddell Seas) lead to the transport of large quantities of ocean released DMS to the overhead BuL. Thus, the BuL becomes a temporary reservoir for DMS. There, in the presence of elevated OH, DMS is converted to products not too dissimilar from that produced in the BL. Unlike the BL, however, removal rates in the BuL appear to be an order of magnitude slower, allowing for the build up of significant concentration levels of many species. Also, within this layer elevated levels of H2SO4, from OH oxidation of SO 2 in the absence of high aerosol, periodically produce nucleation bursts, leading to large numbers of ultra-fine particles. Thus, the episodic entrainment of BuL air back to the BL brings parcels enriched in oxidized sulfur species. These parcels mix with BL air, providing a controlling influence on BL SO 2, DMSO, and DMSO 2. Additionally, because SO 2 and DMSO are major precursors to H2SO 4 and MSA, BuL chemistry would also indirectly control the levels of these species.
As noted above, the picture being presented of Antarctica (Palmer Land) is still speculative in several important areas. Critical observations are missing, most notable among these is the absence of SO 2 data in the BL. Equally important is the total absence of in situ BuL data for DMS and all oxidized sulfur species as well as for the critical oxidizing agent OH. Details concerning vertical transport between the BL and BuL are incomplete; and with regard to the episodic intrusions of BuL air into the BL, there is still a major lack of understanding of the dynamical properties of this system. There is also the question whether the observations at Palmer Station are characteristic of all coastal sites in Antarctica, or perhaps are unique to the Palmer peninsula. Thus, there exists a major need for expanded new field studies in this region. There is also a need to expand the level of modeling, particularly that related to the dynamical characteristics of this unique environment.
